Abstract
To improve the sustainability of the polymer production processes, the last two decades have seen 44 increasing efforts to identify renewable and more environmentally friendly raw materials, particularly 45 biomass, to replace the fossil carbon resources used in traditional polymer synthesis 2, 6 . These include 46 agricultural biomass, citrus wastes, and microorganisms, e.g. microalgae and cyanobacteria [7] [8] [9] [10] [11] [12] , 47 which have been used for the synthesis of bio-based polymers such as polycarbonates, polyesters,
48
and polyurethane 8, 13, 14 . To improve the usability of these sustainable feedstocks, new reaction routes 49 have been proposed and compared to the traditional fossil based methods 7, 15, 16 .
51
Amongst the newly proposed biopolymer candidates, particular attention has been given to 52 polylimonene carbonate (PLC), produced by the reaction of limonene with carbon dioxide 13, 16, 17 .
53
PLC has similar properties to polystyrene 18 , one of the major fossil based polymers with a predicted 54 global production of 700,000 tonnes year -1 by 2020 and annual sales volume of $28.7 billion 19 . As production of 70,000 to 100,000 tonnes year -1 17,18,21 , indicating a stable supply for industrial PLC 60 production. Furthermore, as PLC synthesis directly consumes CO2, the overall process has the 61 potential to actively sequester carbon, and therefore be carbon negative (i.e. avoiding greenhouse gas
62
(GHG) emission) 13, 18 . Consequently, PLC has great potential to replace polystyrene in the near future.
64
Previous studies employed life cycle assessments to investigate the potential environmental impacts 65 of limonene production from citrus wastes 22 and microalgae 23 , whilst a process design for the 66 oxidation of limonene to PLC was published recently 18 . Moreover, optimal reaction conditions for
67
PLC precursor oxidation and monomer polymerisation have been proposed by different studies 13, 16, 24 .
68
In spite of these achievements, the environmental impacts of the entire PLC production process, To address this open challenge, the current study aimed to design a conceptual PLC production 74 process and conduct a high-level life cycle assessment, facilitating the industrialisation of PLC 75 production at an early stage of the research. In addition, a preliminary economic analysis was carried 76 out to estimate and compare the potential cost of PLC against the price of polystyrene. The next 77 sections will provide a detailed explanation of the design and life cycle assessment of the PLC 78 production process, followed by the results and conclusions discovered in the current research. 
Process description

82
The overall polylimonene carbonate (PLC) production process can be divided into four distinct 
190
Amongst these, cradle-to-gate (from feedstock collection to final production of the investigated production of PLC before it is transported to customers, the cradle-to-gate analysis was applied. 
Goal and scopes
197
The primary goal of this LCA was to investigate the net CO2 emissions or consumption of the newly
198
proposed biopolymer (PLC) manufacturing process and identify any potential adverse environmental 199 impacts (e.g. ozone and water deletion). In this context, the term "carbon negative" specifically refers of products were not included in this study. The first boundary set was applied to analyse the 214 environmental impacts of the entire system, whereas the latter set was employed to allow correlation 215 of major environmental burdens to specific processing stages.
217
The current global production of limonene has been estimated between 70,000 and 100,000 tonnes 218 year -1 19 . Considering its predominant use in other industries (e.g. perfume and food), the present 219 study assumed an annual limonene consumption of 15,000 tonnes for the production of PLC in a 220 single plant, as recommended previously 37 . As a result, the function unit for this LCA was set to the 221 equivalent PLC production (21,600 tonnes) from a single plant.
223
In addition, in this study methanol is used as a solvent to precipitate PLC, and TBHP is used as the 224 direct oxidant for limonene oxidation. As introduced before, both of them are recycled inside process 225 without being emitted, meaning they are confined in the system. Moreover, their purchase is one-off
226
(other materials have to be supplied continuously) and their required amount is much lower than other 227 chemicals. As a result, it is plausible to exclude the environmental impact of these chemicals in the 
Allocation of by-products
245
The previous LCA for limonene production from citrus feedstocks stated that only 1% of the 246 environmental impacts of the process should be allocated to limonene (economic based), as it is a 247 waste-derived by-product with a much lower production volume than orange juice, whilst the 248 remaining citrus waste after limonene production is sold as cattle feed 22 . This is different to limonene 249 production from the algae-based process, which has been particularly designed for the co-production 250 of biomass and limonene 23 . In this case, the allocation factor for limonene was set between 64% and 251 98% according to the algal limonene productivity (1.8 mg L -1 h -1 to 55.5 mg L -1 h -1 ), based on the 252 economic value of limonene and biomass residue. As the assumed limonene productivity in the 253 present study was 4.5 mg L -1 h -1 , the allocation factor was increased to 66% by linear interpolation.
254
Hence, the remaining environmental impacts of 34% was allocated to the biomass waste which was 255 either anaerobically digested for electricity generation or sold directly as animal feed. Although the 256 electricity generated from the algae biomass could be used internally, this would be inefficient as the 257 PLC synthesis requires mostly lower grade heat energy. Consequently, the generated electricity was 258 fed into the electricity grid instead, whilst the heating requirements were met using industrial steam.
259
As the only by-product from the limonene oxidation and PLC production is water, the environmental 260 impacts associated with these stages are fully allocated to PLC. 
RESULTS AND DISCUSSION
275
Process simulation results
276
The modelling results for the PLC production process (from limonene oxide synthesis to PLC 277 production) are presented in Table 1 . These mass balance and energy consumption data form the life 278 cycle inventory for this study. Electricity is mainly used in the utility system and pump system.
279
Moreover, the results includes the energy consumption data after process energy integration. To explore the effect of the limonene source (citrus waste and algal biomass) and use of waste 286 biomass (cattle feed or electricity production) on the environmental impacts of the PLC production 287 process, three scenarios were selected for comparison (Figure 2 ). The two scenarios using biomass 288 14 for animal feed are both CO2 positive, with net emissions of 1.21 kg (CO2 eq.) kg -1 (PLC) and 11.99 289 kg (CO2 eq.) kg -1 (PLC), for the citrus and algae based processes, respectively. accounting for recycled chemicals) for PLC production process. "PLC from citrus waste" and "PLC 293 from algae without electricity" denote processes where biomass is sold as animal feed, and "PLC 294 from algae" denotes the process where algae biomass is used for energy generation. grid, displacing carbon-based electricity (although in this study industrial steam is directly used for 304 PLC synthesis, and the electricity required for PLC synthesis is negligible compared to that generated 305 from anaerobic digestion). This is not possible, however, when the biomass is sold as animal feed, as 306 the stored solar energy remains unused. Consequently, the system energy demands must be met with 307 alternative, fossil resources, increasing the net carbon emissions of the process.
309
When comparing the citrus-and algae-derived PLC processes, the latter performs worse in terms of 310 water depletion, land occupation and ozone depletion, regardless of the biomass treatment method.
311
Considering the ethical implications of diverting land and water for fuel generation, these results
312
appear to favour limonene from citrus wastes over algal limonene for PLC production. Nonetheless,
313
it is important to consider the different allocation factors used during the evaluation of these processes.
314
Limonene from citrus waste is considered as a by-product with an allocation factor of only 1%, while 315 limonene from algae was allocated 66%. It is therefore unsurprising that citrus derived limonene is 316 less water or land intensive than algae based limonene. However, as the demand for limonene 317 increases in the future, its allocation factor to the citrus-based process could increase, increasing the 318 associated environmental impacts. For instance, from the current LCA study, it was estimated that 319 increasing the limonene allocation factor to 10% for citrus derived PLC, results in the same climate 320 change and fossil fuel depletion impacts as the algae derived PLC scenario (without energy 321 generation). preliminary estimation of the energy integration potential of the PLC production process (Table 1) .
352
This resulted in total energy savings (heat and electricity) of 20.8%, mostly associated with the than twice the impacts attributed to the PLC production section. This can be related to the high energy 398 requirements of this section, representing 58% and 47% of the total respective electricity and heat 399 consumption of the PLC production process. Consequently, it is recommended that more energy-400 efficient synthesis routes should be developed for the limonene oxide production step.
402
Different to the citrus derived PLC production process, the PLC production and limonene oxide 403 production sections make a relatively minor contribution to the algae derived PLC processes.
404
Although the impacts of TBHP production are still significant, it is noteworthy that limonene 405 production carries large environmental burdens in a number categories, particularly ozone depletion,
406
land occupation, and water depletion. Once again, the difference to the citrus based process can be 407 attributed to the much higher factor allocated to limonene production, as it is the primary economic To assess the financial viability of the citrus-and algae-based PLC production routes, the capital and 419 operating costs were estimated in Aspen Plus V9 for a single PLC production plant ( 
Conclusion
432
The current study designed and assessed a process for the production of the polystyrene substitute 
